We report on the implementation of dynamic body-bias technique to improve the performance of AlGaN/GaN high electron mobility transistors (HEMTs) with the successful integration of body-diode. In this configuration, p-GaN body-diode-based back-gate control is used to shift the threshold voltage and dynamically modulate the ON/OFF characteristics of a normally-ON AlGaN/GaN HEMT. A fourth back-gate terminal is connected to the p-GaN layer to control the depletion width of the body-diode, which in turn modulates the 2-D electron gas (2DEG) density. A positive/negative shift in the threshold voltage is measured by increasing/decreasing the depletion width below the channel. A positive back-gate bias application in the ON-state is shown to increase the 2DEG current density resulting in higher ON-current. The application of a negative back-gate bias is shown to be effective in the positive shift of the threshold voltage, in reducing the 2DEG channel current and in increasing the OFF-state break-down voltage. We have experimentally demonstrated enhanced effect of body-diode-based back-gate control in shifting the threshold voltage of a normally-ON HEMT toward normally-OFF mode. The optimum back-gate voltage range which can be applied during both ON and OFF states has been experimentally determined.
I. INTRODUCTION
AlGaN/GaN based high electron mobility transistors (HEMTs) have emerged as promising candidates for applications in high-power/high-frequency and sensing due to their excellent material properties. The enabling feature of this device technology is the presence of high density and high mobility two-dimensional electron gas (2DEG) at the AlGaN/GaN heterointerface due to large conduction band offset between AlGaN and GaN, and the presence of a significant polarization field. Due to these properties, there has been a large commercial and research interest in this device technology. In the power electronics domain, AlGaN/GaN based HEMTs are believed to make an impact similar to that of Si MOSFETs in 1970s by replacing BJTs [1] , [2] , [3] , [4] . In low-power biosensing applications, HEMTs have emerged as promising candidates due to their high surface sensitivity, fast response, chemical stability and biocompatibility [5] , [6] , [7] . Tremendous amount of research has been done over the last two decades to improve the quality of the epitaxially grown material [8] , [9] , [10] , develop novel device structures [11] , [12] , [13] and processing techniques [14] , [15] . Such advancements have resulted in rapid progress of this technology. However wide spread implementation of this technology has been limited by the performance challenges which has made AlGaN/GaN HEMTs non-ideal transistors [16] , [17] , [18] , at least in the short term. A major challenge with this device technology is its normally-ON nature which limits their applications. To improve system reliability and simplify circuit design, normally-OFF HEMTs are highly desirable. Several approaches have been reported to design normally-OFF HEMTs, including cascode configuration [19] , p-type gate [20] , gate recess [21] , and fluorine plasma treatment [22] , among others. Although successful, many of these approaches compromise the switching speed, reduce on-current, increase specific onresistance, introduce etch and plasma induced damage, and cause threshold voltage instability [23] , [24] , [25] . In order to utilize the full potential of these devices, it is necessary to integrate device engineering and process integration techniques which can mitigate the challenges during both ON and OFF states of the device operation without compromising the device performance. Previous reports have demonstrated the benefits of back-gate control in HEMTs by applying bias to silicon substrate [26] , and/or (Al) GaN buffer/channel layers [27] , [28] , and through polarization induced two-dimensional hole gas [29] . Here, we have experimentally demonstrated for the first time, the implementation of dynamic body-biasing technique in AlGaN/GaN HEMTs to shift the threshold voltage and control the device performance in both ON and OFF states of the device by modulating the characteristics of the body-diode. This approach is similar to the body-bias technique of threshold voltage control in CMOS [30] , [31] . In this configuration, AlGaN/GaN heterostructure is grown on a p-GaN layer. Application of back-gate bias (V BS ) to the fourth terminal placed on the p-GaN controls the 2DEG density due to variation in the field strength at the p-n junction of the body-diode. Recently, GaN:Mg based back-gate control in HEMTs was demonstrated [28] . Here, we show substantially enhanced effect of back-gate control through successful integration of body-diode under the 2DEG channel. The presence of body-diode is experimentally determined through capacitance-voltage measurements and output/transfer-characteristics. The 4-terminal device structure allows three-dimensional (3-D) control of the 2DEG channel current through top/back-gate vertical and source-to-drain lateral electric fields. The effect of dynamic body-biasing on the DC performance of HEMTs including control of ON/OFF channel current and threshold voltage shift capability has been experimentally demonstrated and discussed here. A positive shift in the threshold voltage (V TH ) of a normally-ON HEMT, from V TH = −0.9 V at V BS = 0 V to V TH = 0 V at V BS = −20 V has been shown, demonstrating the possibility of operating conventional HEMTs in both depletion and enhancement modes. Additionally, optimum range of back-gate bias application during ON and OFF states is discussed, and the effect of back-gate voltage on the breakdown voltage is presented.
II. DEVICE DESIGN AND PROCESSING
The device structure was grown using a Veeco metal organic chemical vapor deposition (MOCVD) system on a 2" sapphire substrate. The structure consists of 4 µm of unintentionally doped GaN (u-GaN) template layer with a background carrier concentration of 2x10 16 barrier layer, as shown in Fig. 1 . The HEMT device structure was grown on an unactivated GaN:Mg layer. AFM of HEMT grown on GaN:Mg showed a surface RMS roughness of 0.48 nm for 5 µm ×5 µm scan area. Hall measurements showed a 2DEG density of 1.97 × 10 13 cm −2 , carrier mobility of 1230 cm 2 /V-s, and sheet resistance of 257.7 /2. The AFM and Hall results of the as-grown structure are similar to our conventional HEMT on u-GaN without the underlying GaN:Mg layer. Details of growth and buried p-GaN activation sequence are discussed elsewhere.
A dedicated mask set was designed to include additional fabrication steps for incorporating the back-gate contact into the conventional HEMT device fabrication process. A 3-dimensional (3D) view of the fabricated device structure is shown in Fig. 2 . Device processing steps included application of inductively coupled plasma (ICP) dry etching using low-power BCl 3 /Cl 2 /Ar plasma to create 600 nm mesa definitions to access the p-GaN layer and for isolation of active device area. This was followed by activation of the buried p-GaN layer by rapid thermal annealing (RTA) in nitrogen at 900 • C for 90 s. Mg-dopant activation process was 582 VOLUME 7, 2019 performed after mesa formation to enable activation of acceptors by lateral and vertical diffusion [32] , [33] , [34] , [35] . Activated p-GaN films with exposed surface layer having a similar Mg concentration showed hole concentration of 2 × 10 17 cm −3 , mobility of 7 cm 2 /V-s and resistivity of 4.721 -cm [36] , [37] . Source, drain and back-gate contacts were formed by electron-beam evaporation of Ti (15 nm) / Al (60 nm) / Mo (35 nm) / Au (80 nm) metal stack. The contacts were annealed at 850 • C for 30 s in nitrogen ambient by RTA. The metal stacks were used to form ohmic contact to source and drain with a specific contact resistivity of 2 × 10 −5 -cm 2 and a rectifying back-gate contact. With implementation of a rectifying back-gate, the current flow through the back-gate can be blocked for forward biased body-diode conditions. As shown in Fig. 2 , the back-gate contact was formed on the ICP etched p-GaN layer. On p-GaN films, ICP etching causes preferential loss of nitrogen near the surface which results in inversion of the top surface from p-type to n-type [38] , [39] . In this design, we take advantage of the surface inversion to create a rectifying back-gate contact on etched p-GaN layer. The top-gate was formed on top of the mesa by electronbeam evaporation of Ni (50 nm)/Au (100 nm) Schottky contact. Nitrogen ion-implantation of the region under the gate extension and gate pad area was made to create electrical isolation between the gate pad and source/drain contacts. Ion implantation was done at 175 KeV with a dose of 3 × 10 13 cm −2 for an implantation depth of 400 nm based on SRIM simulations [40] , [41] , [42] .
III. EXPERIMENTAL RESULTS AND DISCUSSION
To investigate the effect of back-gate control on the electrical performance of AlGaN/GaN HEMTs, 3-terminal and 4-terminal measurements were performed under positive, negative, zero and floating back-gate voltage conditions. Agilent B1500A semiconductor device parameter analyzer was used for the current-voltage (I-V) measurements. Device dimensions are listed in Table 1 .
A. 3-TERMINAL I-V CHARACTERISTICS (FLOATING TOP-GATE)
3 the 2DEG channel form a capacitor structure, whose capacitance is modulated by the back-gate voltage. The presence of this variable capacitor structure enables voltage-controlled behavior of the back-gate in modulating 2DEG current. The variation of charge distribution in the depletion region and the 2DEG channel of the HEMT structure under the application of positive, zero and negative voltages to the back-gate terminal is illustrated in Fig. 4 for further clarity. When a positive voltage is applied to the back-gate terminal, the width of the depletion region decreases as illustrated in Fig. 4a . The maximum positive voltage which can be applied to the back-gate to modulate the 2DEG is limited by the forward bias voltage of the body diode, which is around 3.4 eV in the case of a GaN p-n diode. Beyond the forward bias voltage, the depletion region width diminishes, and the body-diode induced variable capacitor structure doesn't exist. As can be seen from Fig. 3b , the 2DEG current saturates for back-gate voltage greater than the forward bias voltage. Beyond forward bias voltage, the back-gate metal/p-GaN junction is biased in such a way as to cause the body-diode (p-GaN/u-GaN) junction to be forward biased while the back-gate metal/pGaN junction is reverse biased. Due to this, and the resistive nature of the p-GaN layer, the flow of 2DEG current into the back-gate terminal is blocked. Here, the rectifying nature of the back-gate contact is advantageous in blocking the current flow through the forward-biased body-diode into the back-gate terminal. On the other hand, when a negative bias is applied to the backgate terminal the width of the depletion region increases as shown in Fig. 4c . This is associated with an increase in the ionic charge in the depletion region and decrease in the mobile charges of the 2DEG. 
B. 3-TERMINAL I-V CHARACTERISTICS (FLOATING BACK-GATE)
3-terminal I-V measurements showing the output, transfer and gate-current characteristics of HEMT under floating back-gate conditions are shown in Fig. 5 . Good top-gate control is achieved as shown in the output characteristics in Fig. 5a . Due to the proximity of the top-gate to the 2DEG channel, the top-gate exhibits greater control in the 2DEG modulation. The back-gate control can be further enhanced by increasing the proximity of the body-diode junction to the 2DEG channel and by increasing the hole concentration in the p-GaN layer. In the current device design the top-gate area is smaller than the back-gate area due to which the magnitude of the top-gate leakage current is considerably lower (Fig. 3c and Fig. 5c ).
C. CAPACITANCE-VOLTAGE CHARACTERISTICS
Split capacitance-voltage (C-V) characteristics between the gate terminals, either back or top-gate, and connected source and drain terminals, are shown in Fig. 6 . An HP 4194 impedance analyzer was used for the C-V measurements. The interpretation of the back-gate capacitance in this structure is complicated by the fact that the horseshoe shaped back-gate that partially wraps around the mesa has a larger capacitive device area than that of the top-gate. In addition, the back-gate capacitance includes areas with different connectivity such as 2DEG under the source and drain pads, access region of the HEMT and implanted region under the gate pad. Due to these, changes in capacitance are less pronounced and involve multiple contributions and larger overall capacitance. From Fig. 6a , the change in back-gate capacitance with change in V BS correlates to the I DS -V BS characteristics shown in the inset, further confirming that the 2DEG channel is indeed controlled by the back-gate via field effect mechanism. From Fig. 6b , an abrupt change in top-gate to channel capacitance corresponds to depletion of the 2DEG channel around the threshold voltage, which is a typical trend observed in an AlGaN/GaN HEMT structure.
D. 4-TERMINAL I-V CHARACTERISTICS
HEMT operation in four terminal mode with both top-gate and back-gate control was tested. The transfer characteristics of the device at different back-gate voltages and changing top-gate voltages at V DS = 0.5 V is shown in Fig. 7 . A shift in top-gate threshold voltage (V TH ) is observed with the application of back-gate voltage. The observed shift in V TH is due to the effect of back-gate induced modulation of 2DEG concentration in the channel. When a positive backgate voltage is applied, the number of electrons in the 2DEG is increased leading to the need for higher top-gate voltages to deplete the channel hence a negative shift in V TH . In contrast, when a negative back-gate voltage is applied, the number of electrons in the channel decrease due to which the magnitude of top-gate voltage required to deplete the 2DEG channel is reduced resulting in a positive shift in V TH . V TH is determined using extrapolation in the linear region (ELR) method, which involves finding the V GS intercept (i.e., I DS = 0) of the linear extrapolation of the I DS -V GS curve at its maximum slope point as can be seen in Fig. 7 [43] . The rate of change of V TH as a function of V BS is shown in Fig. 8 . At higher negative back-gate voltages of −15 V and −20 V, the threshold voltage of the device is shifted towards normally-OFF mode (V TH = 0 V). However, at such high negative voltages, the OFF-state channel current is dominated by the reverse bias leakage current of the bodydiode through the back-gate terminal (Fig. 3c) , as can be seen from the logarithmic scale plots of the transfer characteristics shown in Fig. 9 . In the present device structure, the optimum negative back-gate voltage is limited to low voltage ranges to limit the OFF-state leakage current. To utilize the benefits of this design in the OFF-state, an improved back-gate contact or a dielectric barrier between the metal and semiconductor can be utilized to block the leakage current through the back-gate contact. To further investigate the effect of back-gate bias on the OFF-state breakdown characteristics of the devices under study, I DS -V DS measurements were performed at different back-gate voltages (Fig. 10) . For these measurements, the top-gate voltage was kept constant at V GS = −2 V and the drain voltage was swept from 0 to +45 V. Here the breakdown voltage is defined as the voltage at which the drain current density reaches 10 mA/mm [12] , [44] . A steady improvement in the breakdown voltage was observed as the magnitude of the negative back-gate bias was increased. The observed increase in the breakdown voltage can be attributed to enhanced depletion of the 2DEG channel under these conditions. Further improvement in breakdown voltage can be obtained by optimizing the device design with field-plate or gate-dielectric, and improved back-gate contact.
The output characteristics of a 4-terminal HEMT operation is shown in Fig. 11 as compared to pinch-off at V GS = −2 V under floating body conditions (Fig. 5a ). Increased modulation of I DS is observed under positive V BS bias in comparison to negative bias, as the body-diode capacitance is higher under positive bias conditions with reduced depletion width. As shown, the back-gate control is further enhanced at V GS = −1 V in the weak accumulation mode, due to reduction in the 2DEG concentration in the channel. As the 2DEG density reduces, for a given body-diode capacitance, the effect of back-gate bias in modulating the channel conductivity increases. While inherent high capacitance of the un-optimized back-gate in this study would make high-speed back-gate modulation difficult, the I-V characteristics demonstrate that biasing the back-gate allows dynamic changes in the performance of a top-gate controlled transistor. In such configuration both threshold voltage and saturation current at fixed top-gate voltage can be changed dynamically. This feature allows the use of the same device in designs requiring different threshold voltages, thus potentially enabling both normally-ON or normally-OFF modes of operation based on the same device design. The benefits of this design can be utilized in applications where frequency requirements are relaxed such as low-frequency power-switching and sensing devices. In gate-less HEMT sensors, the back-gate control can be utilized to obtain additional control in modulating the conductivity and sensitivity of the sensor.
IV. CONCLUSION
We have proposed and demonstrated the implementation of body-diode based fourth terminal back-gate control in AlGaN/GaN HEMTs. With the integration of the back-gate control, positive/negative shift in the threshold voltage of the normally-ON device is shown. While normally-OFF operation cannot be achieved in a conventional HEMT, we demonstrate the possibility of achieving this with the implementation of an optimized body-diode based back-gate control. The role of the back-gate in dynamically controlling the AlGaN/GaN HEMT I-V characteristics has been investigated experimentally. The application of positive backgate voltage bias is shown to be effective in increasing I DS in the ON-state while application of negative backgate voltage results in reduction of I DS . The 3-D control of the 2DEG channel current allows dynamic control of the device ON/OFF current and enables the design of multithreshold voltage HEMT. In addition to improving HEMT device characteristics, implementation of this technique is advantageous in enabling the integration of HEMTs in integrated circuit designs requiring normally-ON, normally-OFF and intermediate modes of operation.
